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Aims Circular RNAs (circRNAs) are involved in gene regulation in a variety of physiological and pathological processes.
The present study aimed to investigate the effect of circRNA_000203 on cardiac hypertrophy and the potential
mechanisms involved.

....................................................................................................................................................................................................
Methods
and results

CircRNA_000203 was found to be up-regulated in the myocardium of Ang-II-infused mice and in the cytoplasma of
Ang-II-treated neonatal mouse ventricular cardiomyocytes (NMVCs). Enforced expression of circRNA_000203
enhances cell size and expression of atrial natriuretic peptide and b-myosin heavy chain in NMVCs. In vivo, heart
function was impaired and cardiac hypertrophy was aggravated in Ang-II-infused myocardium-specific
circRNA_000203 transgenic mice (Tg-circ203). Mechanistically, we found that circRNA_000203 could specifically
sponge miR-26b-5p, -140-3p in NMVCs. Further, dual-luciferase reporter assay showed that miR-26b-5p, -140-3p
could interact with 30-UTRs of Gata4 gene, and circRNA_000203 could block the above interactions. In addition,
Gata4 expression is transcriptionally inhibited by miR-26b-5p, -140-3p mimic in NMVCs but enhanced by over-
expression of circRNA_000203 in vitro and in vivo. Functionally, miR-26b-5p, -140-3p, and Gata4 siRNA, could re-
verse the hypertrophic growth in Ang-II-induced NMVCs, as well as eliminate the pro-hypertrophic effect of
circRNA_000203 in NMVCs. Furthermore, we demonstrated that NF-jB signalling mediates the up-regulation of
circRNA_000203 in NMVCs exposed to Ang-II treatment.

....................................................................................................................................................................................................
Conclusions Our data demonstrated that circRNA_000203 exacerbates cardiac hypertrophy via suppressing miR-26b-5p and

miR-140-3p leading to enhanced Gata4 levels.
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1. Introduction

Cardiac hypertrophy is classified as physiological and pathological when
associated with normal cardiac function and impaired cardiac function,
respectively. It is well known that the pathological cardiac hypertrophy is
an independent risk factor for myocardial infarction, arrhythmia, heart
failure (HF), and even sudden death.1–3 Pathological hypertrophy is in-
duced by factors such as myocardial infarction, mechanical stimulus, hor-
mones, cytokines, growth factors, and pressure overload. Due to such
complexity, no efficient therapeutic approaches are currently available
for the management of cardiac hypertrophy. Understanding the molecu-
lar mechanisms associated with cardiac hypertrophy and the transition
to HF is crucial to identify new targets to reverse maladaptive cardiac
remodelling and even HF.

Transcription factors (TFs) are nuclear proteins that bind to the pro-
moter regulatory elements to activate/repress the downstream gene ex-
pression. Some pro-hypertrophic TFs, such as GATA4, myocyte
enhancer factor 2 (MEF2), NK family of TF 2.5 (Nkx2.5), nuclear factor
of activated T-cells (NFAT), and Ca2þ/cAMP response element-binding
protein (CREB),4–6 have been known implicated as signal-responsive
mediators of the cardiac transcriptional programme in cardiac
hypertrophy.

Accumulating evidence indicates that non-coding RNAs, including
microRNAs (miRNAs) and circular RNAs (circRNAs), are critical con-
tributors to cardiovascular pathophysiology.7,8 MiRNAs are endogenous,
20–23 nucleotide RNAs that negatively regulate target genes involved in
various physiological processes and diseases. For example, microRNA-1,
-208a, -195, 214-3p, -92 b-3p were verified involved in cardiac hypertro-
phy.9–13

CircRNAs form covalently closed continuous loops with high tissue-
specific expression.13 Compared with linear RNAs, circRNAs have

the remarkable characteristic of non-canonical splicing without a free
30 or 50 end. They mainly arise from exons or introns and are differen-
tially generated by back splicing or lariat introns. CircRNAs could specifi-
cally function as microRNA (miRNA) sponges, regulate alternative
splicing, and modulate the expression of the parental gene, as well as
possessing the potential in proteins translation.14,15 Increasing evidence
reveals that circRNAs may participate in the pathogenesis of the cardio-
vascular system, such as vascular networks,16 atherosclerosis,17 cardio-
myopathy,18–20 and HF.21–23

Our previous study revealed that circRNA_000203 and its parental
gene of Myo9a were up-regulated in the diabetic mouse myocardium
with pro-fibrotic effect by sponging microRNA-26b-5p (miR-26b-5p).18

However, the expression and role of circRNA_000203 have not been
elucidated in cardiac hypertrophy, such as hypertension-induced cardiac
hypertrophy. In this study, based on a mouse model of Angiotensin-II
(Ang-II)-induced cardiac hypertrophy, we investigated the effect of
circRNA_000203 on cardiac hypertrophy in vitro and in vivo and demon-
strated the mechanism by which circRNA_000203 modulates cardiac
hypertrophic growth.

2. Methods

2.1 Ethics statement
Male and female C57BL/6 mice weighing 20± 3 g [License number
SCXK (YUE) 2004–0011, Department of Experimental Animal Research
Center, Sun Yat-sen University, Guangzhou, China], and male
myocardium-specific circRNA_000203 transgenic mice (Tg-circ203;
License number T003447, Nanjing Biomedical Research Institute of
Nanjing University, Nanjing, China) and wide-type (WT) control mice
(License number XM100635, Nanjing Biomedical Research Institute of
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Nanjing University) weighing 20± 3 g were used in the current studies.
The adult mice were housed under a 12 h light/dark cycle under
pathogen-free conditions and with free access to standard mouse chow
and tap water. This study conformed to the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of Health
(8th Edition, National Research Council, 2011). The present programme
was also approved by the research ethics committee of Guangdong
General Hospital (the approval number: No. GDREC2014066A).

2.2 Animal studies
According to our previous report,12 we established a mouse model of
Ang-II (1.46 mg/kg/d, 28 days) infusion-induced cardiac hypertrophy.
Mice were anaesthetized through the intraperitoneal application of so-
dium pentobarbital (50 mg/kg), followed by implantation of the Ang-II
mini-osmotic pump (alzet model 2002, Cupertino, CA, USA). The ade-
quacy of anaesthesia was confirmed by the absence of reflex response to
foot squeeze. Body temperature was maintained at 37 ± 0.5�C during
surgery. At the end of the experiments, mice were killed with the intra-
peritoneal injection of an overdose of sodium pentobarbital (200 mg/kg).

2.3 Echocardiographic study
Transthoracic echocardiography was performed to assess left ventricu-
lar (LV) function variables. After the induction of light general anaesthe-
sia, the rats underwent transthoracic two dimensional (2D) guided M-
mode echocardiography with an 8.5 MHz transducer (Acuson, Mountain
View, CA, USA). From the cardiac short axis (papillary level), the LV an-
terior wall end-diastolic thickness (LVAWd), the systolic LV anterior
wall thickness (LVAWs), the LV internal dimension at end-diastole
(LVIDd), the LV internal dimension at end-systole (LVIDs), the LV poste-
rior wall end-diastolic thickness (LVPWd), the LV posterior wall end-
systolic thickness (LVPWs), the ejection fraction (EF), and fractional
shortening (FS) were measured. Echocardiographic measurements were
averaged from at least three separate cardiac cycles.

2.4 Histological analysis
Formalin-fixed mouse myocardium specimens were embedded in paraffin
and cut into 4lm thick sections. Tissue sections were mounted on the
regular glass slides and stained with 1.0 mg/mL Alexa FluorVR 488 conjugate
of wheat germ agglutinin (WGA) solution (MolecularProbes, Eugene, OR,
USA) to demonstrate the size of cardiomyocytes in mouse myocardium.

2.5 Neonatal mouse ventricular
cardiomyocytes isolation,
culture, and treatment
Neonatal mouse ventricular cardiomyocytes (NMVCs) were isolated
from the hearts of 1- to 3-day-old newborn C57BL6 mice as described
previously.12 NMVCs were incubated with 10-8 M Ang-II for 48 h to in-
duce the hypertrophic phenotype. The NF-jB inhibitor JSH23 (5lM) or
QNZ (5 nM) was used to treat NMVCs. Cells were transfected with
50 nM scramble or miR-26b-5p, -140-3p, or 50 nM siRNA for Gata4 or
p65 NFkB (Ribobio, Guangzhou, China) by oligofectamine reagent
(Invitrogen, Carlsbad, CA, USA), respectively. Plasmid DNA was deliv-
ered into NMVCs by using Namipo reagent (Transheep Bio, Shanghai,
China). As indicated, NMVCs were infected with the following recombi-
nant adenovirus, respectively: rAd-GFP, rAd-Gata4 (Vigene Biosciences,
MD, USA) and rAd-circRNA_000203 adenovirus (MOI 10).18

2.6 Fluorescence in situ hybridization
BaseScopeTM Probe for circRNA_000203 was designed and synthesized
by ACD (Advanced Cell Diagnostics, CA, USA), and the probe sequence
covers the specific junction region of circRNA_000203. NMVCs were
fixed by 10% neutral buffered formalin on slides for detection of the sub-
cellular location of circRNA_000203. The signals of the circRNA_000203
probe were detected by BaseScopeTM Detection Reagent Kit (ACD,
USA) according to the manufacturer’s instructions. The images were ac-
quired on Leica SP5 Spectral scanning laser confocal microscope (Leica
Microsystems, Wetzlar, Germany).

2.7 RNA pull-down assay
One hundred micrograms total RNA extracted from HEK293 cells with
plasmid vector-mediated overexpression of circRNA_000203 was used
to incubate with 500lg streptavidin magnetic beads (S1421S, NEB,
Ipswich, MA, USA) which were previously incubated with 200 pmol
biotin-miR-26b-5p or biotin-miR-140-3p, respectively. Eventually, the
binding RNA was eluted and used for circRNA_000203 detection by
quantitative reverse-transcription PCR (RT–qPCR) assay.

Adenovirus-mediated overexpression of circRNA_000203 was
achieved in NMVCs. Three biotin-labelled circRNA_000203 probes
(Ribobio, China) were incubated with cell lysates of NMVCs with
enforced overexpression of circRNA_000203 at 37�C for 3–4 h, fol-
lowed with addition of streptavidin beads (Bersinbio, Guangzhou, China)
at 25�C for 40 min. After washing with the wash buffer, the RNA com-
plexes bound to the beads were eluted and extracted with RNeasy Mini
Kit (QIAGEN) and used for detection of circRNA_000203, miR-26b-5p,
-140-3p by RT–qPCR assay, respectively.

2.8 FITC-phalloidin staining
To assess the cell size of NMVCs, the cultured NMVCs were fixed in
3.7% formaldehyde and permeabilized in 0.1% Triton X-100 for 10 min,
respectively, followed by incubation with blocking solution for 40 min
and subsequently with FITC-phalloidin (10 lg/ml, Sigma-Aldrich) at
37�C. Confocal micrographs were obtained using a Leica SP5.

2.9 Dual-luciferase assays
Dual-luciferase assay for interactions between miR-26b-5p, -140-3p, and
circRNA_000203. As our previous report,24 the recombinant luciferase
reporter plasmids containing the potential miR-26b-5p and miR-140-3p
binding site sequences in circRNA_000203 were constructed. Human
embryonic kidney (HEK) 293 cells (3� 105 cells per well in 12 well plate)
were co-transfected with 200 ng of recombinant luciferase reporter
plasmid, 20 ng of pRL-TK as an internal control (Promega, Madison, WI,
USA), 50 nM miR-26b-5p, -140-3p mimic, respectively. Activities of fire-
fly luciferase (FL) and Renilla luciferase (RL) were measured 24 h after
transfection, and the relative ratio of the FL/RL was used to reveal the
interactions between miR-26b-5p, -140-3p, and circRNA_000203.

Dual-luciferase assay for Gata4 target identification. The recombinant
luciferase reporter plasmids containing the potential miR-26b-5p and
miR-140-3p binding site sequences in the 30-UTR of Gata4 gene were
constructed. HEK293 cells were co-transfected with 200 ng of recombi-
nant luciferase reporter plasmid, 20 ng of pRL-TK as an internal control,
200 ng of pAd-circ203, 50 nM miR-26b-5p, -140-3p mimic, respectively.
Activities of FL and RL were measured, and the FL/RL ratio was used to
indicate the miR-26b-5p, -140-3p-mediated knockdown of Gata4 gene.

Dual-luciferase assay for TF NF-jB p65 participating in Myo9a tran-
scription. Three potential NF-jB p65 recognition elements,
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TTCCCAGAGC, AAAGTCCTCT, and TGAAAAGTCT, were
screened in the promoter region of Myo9a gene by AliBaba2.1 pro-
gramme (http://gene-regulation.com/pub/programs/alibaba2/index.html).
The recombinant-luciferase reporter plasmids containing the above po-
tential NF-jB p65 binding site sequences were constructed, respectively.
NMVCs were co-transfected with 200 ng of recombinant luciferase re-
porter plasmid, 20 ng of pRL-TK as an internal control by using Namipo
reagent, followed with Ang-II treatment. Activities of FL and RL were
measured, and the relative ratio of the FL/RL was used to indicate the
transcription activity of Myo9a gene.

2.10 Quantitative mRNA and miRNA
measurements
To detect the expression of circRNA_000203 and coding genes, the
first-strand cDNA was generated from 1.5 lg total RNA using a mixture
of oligo (dT)15 and random primers with superscript reverse transcrip-
tase (Invitrogen, Carlsbad, CA, USA). RT–qPCR for miR-26b-5p and -
140-3p was performed on cDNA generated from 0.5 lg total RNA
according to the manufacturer’s protocol (Ribobio, China). U6 was used
for miRNAs template normalization and GAPDH was used for
circRNA_000203 and coding genes template normalization, respectively.
PCR was performed with the ViiA7 Quantitative PCR System (Applied
Biosystems, Carlsbad, CA, USA). The 2-DCt and 2-DDCt methods were
used to calculate relative expression levels of the concerned coding
genes and miRNAs, respectively. PCR primers, as well as the size of frag-
ments amplified, used in this study are shown in Supplementary material
online, Table S1.

2.11 Western-blot assay
Protein extracts (40 lg) were separated using 12% (wt./vol.) SDS-PAGE,
transferred onto a polyvinylidene fluoride (PVDF) membrane, and
probed with antibodies for atrial natriuretic peptide (ANP) and b-myosin
heavy chain (b-MHC; Abcam), GATA4 (Proteintech, Chicago, IL, USA),
p-NF-rB p65, NF-rB p65 (Cell Signaling Technology, Beverly, MA, USA)
overnight at 4�C. Membranes were then washed extensively with TBS/T
and incubated with a horseradish peroxidase-conjugated secondary anti-
body (Santa Cruz) for 1 h at room temperature. Protein was visualized
using the ECL Plus detection system (GE Healthcare, WI, USA).

2.12 Statistical analysis
In each experiment, all determinations were performed at least in tripli-
cate. Comparisons between two groups of data were made by one-way
ANOVA followed by the post hoc test (Bonferroni) was chosen for the
comparisons of interest without adjustment for multiple comparisons.
A P-value of <0.05 was considered to be significant. Data are presented
as the mean ± the standard error of the mean (SEM). Analyses were per-
formed in IBM SPSS Statistics 25 (IBM Corp, Armonk, NY, USA).

3. Results

3.1 Up-regulation of circRNA_000203
in the hypertrophic myocardium of
Ang-II-infused mice
An animal model of cardiac hypertrophy was established in mice re-
ceived Ang-II infusion for 4 weeks, with a significant increase in the ratio
of weight/tibia length (HW/TL) (Figure 1A). Results of WGA staining
showed that the cell size of cardiomyocytes was significantly increased in

the myocardium of the Ang-II infusion mouse model (Figure 1B).
Meanwhile, significant increase of ANP and b-MHC protein expression
was observed in the hypertrophic mouse myocardium (Figure 1C).
Results of RT–qPCR verified that circRNA_000203 and its parental gene
of Myo9a mRNA (Figure 1D) were consistently up-regulated in the myo-
cardium of Ang-II-infused mice (Figure 1E). Consistently, we further set
up a female mouse model of Ang-II-infusion-induced cardiac hypertro-
phy, with a significant increase in the ratio of HW/TL. We also observed
significant and consistent increases of circRNA_000203 and Myo9a
mRNA in the hypertrophic myocardium of female mice (Supplementary
material online, Figure S1). Moreover, we also demonstrated that human
hsa-circ_0036167 (homologue of circRNA_000203) and its host gene of
Myo9a were obviously up-regulated in the myocardium of HF patients
(Supplementary material online, Figure S2).

3.2 CircRNA_000203 is up-regulated in
Ang-II-induced NMVCs
A cell model of Ang-II-induced NMVC hypertrophy was used in this study.
Obvious increases of cell size of NMVCs and protein expression of ANP
and b-MHC were observed in Ang-II-treated NMVCs (Figure 2A, B).
Consistently, significant up-regulations of circRNA_000203, Myo9a, Anp
and Myh7 mRNA were also found in Ang-II-treated NMVCs (Figure 2C).
We detected the stability of circRNA_000203 in NMVCs, RT–qPCR
results showed that circRNA_000203, but not Myo9a mRNA, was resis-
tant to RNase-R treatment (Figure 2D). We further performed RNase-R
resistance assay based on the total RNA from the myocardium of C57BL/
6 mice, and circRNA_000203 was also more stable compared with Myo9a
mRNA (Supplementary material online, Figure S3). Moreover, we used ac-
tinomycin D to inhibit RNA transcription and measured the levels of
circRNA_000203 and Myo9a mRNA at different time points in NMVCs
post-actinomycin D treatment. The relative level of circRNA_000203 was
markedly higher than that of Myo9a mRNA at 4, 8, and 12 h after actino-
mycin D treatment (Figure 2E). In addition, fluorescence in situ hybridiza-
tion (FISH) and RT–qPCR assay showed the predominant cytoplasmic
distribution of circRNA_000203 in NMVCs (Figure 2F, G).

3.3 CircRNA_000203 enhances
hypertrophy of NMVCs
In this study, the recombinant circRNA_000203 adenovirus, rAd-
circ203, was used to mediate the overexpression of circRNA_000203 in
NMVCs. The FITC-Phalloidin staining showed that the cell size was sig-
nificantly increased in NMVCs infected with rAd-circ203 (Figure 3A). The
level of circRNA_000203, but not Myo9a mRNA, was highly increased
in NMVCs, along with significant up-regulation of Anp and Myh7 mRNA
(Figure 3B). Consistently, protein expression of ANP and b-MHC was
also markedly enhanced in NMVCs with enforced expression of
circRNA_000203 (Figure 3C).

3.4 Overexpression of circRNA_000203
exacerbates Ang-II-induced cardiac
hypertrophy in vivo
We successfully established the Tg-circ203 mice with cardiac-specific
overexpression of circRNA_000203 (Supplementary material online,
Figures S4 and S5). RT–qPCR results showed that circRNA_000203, but
not Myo9a mRNA, was highly expressed in the myocardium of Tg-
circ203 mice (Figure 4A). In the present study, an animal model of hyper-
trophy was established in mice with Ang-II infusion for 4 weeks.
Echocardiography was performed to reveal the changes of cardiac
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.structure and function in Ang-II-infused Tg-circ203 mice. Significant
decreases of EF and FS were observed in Ang-II-infused Tg-circ203 mice
(Figure 4B). Meanwhile, the LV internal diameters (LVIDd, LVIDs) were
also markedly decreased, but without significant changes of HW/TL and

the LV walls (LVPWd, LVPWs) in Ang-II infused Tg-circ203 mice
(Supplementary material online, Table S2). In addition, the WGA staining
results showed that the cell size of cardiomyocytes in the myocardium
was significantly increased in Ang-II-infused Tg-circ203 mice (Figure 4C).

Figure 1 CircRNA_000203 is up-regulated in the myocardium of Ang-II-infused mice. (A) The ratio of HW/TL. (B) WGA staining assay of cardiomyo-
cytes in the hypertrophic myocardium of a mouse model of Ang-II infusion-induced hypertrophy. The scale bar is 100lm. (C) Protein expression of ANP
and b-MHC in the myocardium of Ang-II-infused mice by western blot assay. (D) CircRNA_000203 sequence is derived from exon7 to exon 15 of Myo9a
gene. (E) Detection of circRNA_000203 and Myo9a in the myocardium of Ang-II-infused mice by RT–qPCR assay. Data are shown as mean ± SEM,
*P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham group (ANOVA with post hoc tests, as indicated). N = 6, 5, 5, and 7–8 in (A), (B), (C), and (E), respectively.
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Figure 2 CircRNA_000203 is up-regulated in Ang-II-induced NMVCs. (A) Morphologies of Ang-II-induced NMVCs by FITC-phalloidin staining assay.
The scale bar is 50lm. (B) Protein expression of ANP and b-MHC in Ang-II-induced NMVCs by western blot assay. (C) Expression of circRNA_000203,
Myo9a, Anp, and Myh7 mRNA in Ang-II-induced NMVCs by RT–qPCR assay. (D) Levels of circRNA_000203 and Myo9a mRNA in RNase-R-treated total
RNA from NMVCs (20 U/mg RNA) were detected by RT–qPCR and normalized to the value detected in the mock group. Data are shown as mean ±
SEM, **P < 0.01, ***P < 0.001 (ANOVA with post hoc tests, as indicated). N = 5. (E) Levels of circRNA_000203 and Myo9a mRNA in NMVCs after treat-
ment with 2 mg/ml Actinomycin D at the indicated time points. Data are shown as mean ± SEM, **P < 0.01, ***P < 0.001 vs. Myo9a mRNA group
(ANOVA with post hoc tests, as indicated). N = 5. (F) RNA FISH for circRNA_000203 in NMVCs. CircRNA_000203 was shown in red and nuclei were
stained with DAPI. The scale bar is 5 lm. (G) circRNA_000203 and Myo9a mRNA are abundant in the cytoplasm of NMVCs. Gapdh mRNA and U6
were applied as positive controls in the cytoplasm and nucleus, respectively.

Figure 3 CircRNA_000203 enhances hypertrophy in NMVCs. (A) Morphologies of NMVCs with overexpression of circRNA_000203 by FITC-phalloi-
din staining assay. The scale bar is 50lm. (B) Expression of circRNA_000203, Myo9a, Anp, and Myh7 mRNA in NMVCs with overexpression of
circRNA_000203 by RT–qPCR assay. (C) Protein expression of ANP and b-MHC in NMVCs with overexpression of circRNA_000203 by western blot
assay. Data are shown as mean ± SEM, **P < 0.01, ***P < 0.001 (ANOVA with post hoc tests, as indicated). N = 5.
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Figure 4 Overexpression of circRNA_000203 exacerbates Ang-II-induced cardiac hypertrophy in vivo. (A) Expression of circRNA_000203 and Myo9a
mRNA in the myocardium of Tg-circ203 mice by RT–qPCR assay. (B) The representative variables of EF and FS by echocardiography. (C) WGA staining
assay of cardiomyocytes in mouse myocardium. (D) Protein expression of ANP and b-MHC in mouse myocardium by western blot assay. Data are shown
as mean ±SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA with post hoc tests, as indicated), N = 7–8, 5–8, 5, 5 in (A), (B), (C), and (D), respectively.
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..Western blot results demonstrated that expression of ANP and b-MHC
was also significantly enhanced in the myocardium of Ang-II-infused Tg-
circ203 mice (Figure 4D).

3.5 CircRNA_000203 sponges miR-26b-5p
and miR-140-3p in NMVCs
Sequence analysis indicated that there are two potential binding sites (nt
607–628 and nt 702–723) for miR-26b-5p (Figure 5A), and one potential
binding site (nt 964–984) for miR-140-3p (Figure 5B) in
circRNA_000203. The dual-luciferase assay indicated that miR-26b-5p
can interact with two sites (nt 607–628 and nt 702–723), and miR-140-
3p can interact with one site of nt 964–984 in circRNA_000203. And the
interactions of either miR-26b-5p or miR-140-3p with circRNA_000203
could be abolished after the corresponding binding sites were mutated
(Figure 5A, B). RT–qPCR results revealed that levels of miR-26b-5p and
miR-140-3p were markedly decreased in NMVCs with overexpression
of circRNA_000203 (Figure 5C), as well as in the myocardium of Ang-II-
infusion mice and in Ang-II-treated NMVCs (Supplementary material on-
line, Figure S6). Results of RNA pull-down and RT–qPCR assay showed

that the amount of circRNA_000203 pulled down by miR-26b-5p-mut
was significantly less than that by miR-26b-5p (Figure 5D), and the
amount of circRNA_000203 pulled down by miR-140-3p-mut was also
significantly less than that by miR-140-3p (Figure 5E). CircRNA_000203
was efficiently isolated from NMVCs lysate by biotin-labelled
circRNA_000203 probe (Figure 5F). Meanwhile, miR-26b-5p and miR-
140-3p, but not the irrelevant miR-144-3p control, could be specifically
pulled down with circRNA_000203 by using circRNA_000203 probe
(Figure 5F).

3.6 CircRNA_000203 abolishes the
interactions of miR-26b-5p, -140-3p
with the common target gene of Gata4
Analyses of the databases Mirdb (www.mirdb.org) and TargetScan-Vert
(www.targetscan.org) showed that Gata4 was the common target
gene of miR-26b-5p, -140-3p. The matching positions for miR-26b-5p,
-140-3p within 30-UTRs of Gata4 mRNA are shown in Figure 6A, B.
Results of the dual-luciferase assay indicated that miR-26b-5p, -140-3p
mimic can specifically interact with the 30-UTRs of Gata4. In addition, the

Figure 5 Identification of miR-26b-5p and miR-140-3p as sponged targets of circRNA_000203. Verification of miR-26b-5p (A) and miR-140-3p (B) as
sponged targets of circRNA_000203 by the dual-luciferase reporter assay. The predicted binding sites of miR-26b-5p and miR-140-3p in
circRNA_000203 were shown in red. Data are shown as mean ±SEM, *P < 0.05, **P < 0.01 (ANOVA with post hoc tests, as indicated), N = 5. (C)
Expression of circRNA_000203, miR-140-3p, -26 b-5p in NMVCs with overexpression of circRNA_000203 by RT–qPCR assay. Data are shown as mean
±SEM, *P < 0.05, **P < 0.01, ***P < 0.001 vs. vector control (ANOVA with post hoc tests, as indicated), N = 5. The pulled down circRNA_000203 by miR-
26b-5p (D), and by miR-140-3p (E) was detected by RT–qPCR assay, respectively. Data are shown as mean ±SEM, **P < 0.01 vs. miR-26b-5p,
***P < 0.001 vs. miR-140-3p (ANOVA with post hoc tests, as indicated), N = 5. (F) MiR-26b-5p, miR-140-3p was pulled down from NMVCs lysate by bio-
tin-labelled circRNA_000203 probe, and RT–qPCR was performed to detect the relative level of miR-144-3p, -26 b-5p, -140-3p. Data are shown as
mean ±SEM, ***P < 0.001 vs. Scramble probe (ANOVA with post hoc tests, as indicated), N = 5.
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interactions of miR-26b-5p, -140-3p with the 30-UTRs of Gata4 could be
blocked by circRNA_000203 (Figure 6A, B). Compared with the scram-
ble negative control, the mRNA and protein expression of Gata4 could
be significantly reduced in NMVCs after transfection with miR-26b-5p, -
140-3p mimic (P < 0.05, P < 0.01, respectively; Figure 6C). As expected,
the mRNA and protein expression of Gata4 was found significantly in-
creased in NMVCs with overexpression of circRNA_000203 (P < 0.01,
respectively; Figure 6D). Moreover, Gata4 mRNA and protein expression
were also observed markedly increased in the myocardium of Ang-II-
infused Tg-circ203 mice (P < 0.05, respectively; Figure 6E).

3.7 MiR-26b-5p and miR-140-3p eliminate
the pro-hypertrophy effect of
circRNA_000203 in NMVCs
We investigated the consistent effects of miR-26b-5p, -140-3p, and Gata4
siRNA on hypertrophy in Ang-II-treated NMVCs. The FITC-Phalloidin

staining showed that the cell size was significantly increased in Ang-II-
treated NMVCs but could be reversed after transfection with miR-
26b-5p, -140-3p, and Gata4 siRNA, respectively (Figure 7A). Western
blot results demonstrated that protein expression of ANP, b-MHC,
and GATA4 was significantly enhanced in Ang-II-treated NMVCs but
could also be alleviated after transfection with miR-26b-5p, -140-3p,
and Gata4 siRNA, respectively (Figure 7B). In addition, western blot
results showed that adenovirus-mediated overexpression of GATA4
could significantly enhance ANP and b-MHC expression in NMVCs
but could be efficiently reversed after transfection with miR-26b-5p, -
140-3p, respectively (Supplementary material online, Figure S7). We
also investigated the effects of miR-26b-5p, -140-3p, and Gata4 siRNA
on eliminating the pro-hypertrophic growth effect of circRNA_000203
in NMVCs. Results of FITC-Phalloidin staining showed that the cell size
was significantly increased in NMVCs with overexpression of
circRNA_000203 but could be abolished by miR-26b-5p, -140-3p, and
Gata4 siRNA, respectively (Figure 7C). Moreover, Western blot results

Figure 6 MiR-26b-5p and miR-140-3p negatively modulate Gata4 expression. (A) Verification of Gata4 as a target gene of miR-26b-5p by the dual–lu-
ciferase reporter assay. Predicted miR-26b-5p seed sequence matches to the sequence in the 30-UTRs of Gata4 mRNA. The seed sequence of miR-26b-
5p is UCAAGU, and the complementary nucleotide sequences are shown in red words. Data are shown as mean ±SEM, **P < 0.01, ***P < 0.001
(ANOVA with post hoc tests, as indicated), N = 5. (B) Verification of Gata4 as a target gene of miR-140-3p by the dual-luciferase reporter assay. Predicted
miR-140-3p seed sequence matches to the sequence in the 30-UTRs of Gata4 mRNA. The seed sequence of miR-140-3p is ACCACA, and the comple-
mentary nucleotide sequences are shown in red words. Data are shown as mean ±SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA with post hoc tests,
as indicated), N = 5. Gata4 mRNA and protein expression in NMVCs transfected with miR-26b-5p and miR-140-3p mimic, respectively (C), and in
NMVCs with overexpression of rAd-circ203 (D) were assessed by RT–qPCR and western blot assay, respectively. Data are shown as mean ± SEM,
**P < 0.01, ***P < 0.001 (ANOVA with post hoc tests, as indicated), N = 5. (E) Gata4 mRNA and protein expression in the myocardium of Ang-II-infused
Tg-circ203 mice. Data are shown as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA with post hoc tests, as indicated), N = 5.
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demonstrated that protein expression of ANP, b-MHC, and GATA4
was markedly increased in circRNA_000203-modified NMVCs but
could be ameliorated after transfection with miR-26b-5p, -140-3p, and
Gata4 siRNA, respectively (Figure 7D).

3.8 Activation of NF-jB mediates
Ang-II-up-regulated expression
of circRNA_000203 in NMVCs

To investigate the effect of Ang-II on NF-jB activation, p-NF-jB p65
level was detected in NMVCs at 5, 10, 20, and 60 min after Ang-II

treatment. Significant increase of p-NF-jB p65 level was observed in
NMVCs at 10 and 20 min in response to Ang-II treatment
(Supplementary material online, Figure S8A). Sequence analysis indicated
that three potential NF-jB recognition elements were located in the
promoter region of Myo9a gene (Supplementary material online, Figure
S8B). Results of the dual-luciferase assay showed that one of the three
potential NF-jB recognition elements participated in Ang-II-induced
Myo9a transcription in NMVCs (Supplementary material online, Figure
S8B). We pre-treated NMVCs with NF-jB p65 inhibitor JSH23 or QNZ
for 0.5 h before Ang-II treatment, followed by RT–qPCR analysis. Our
data demonstrated that treatment with either JSH23 or QNZ could

Figure 7 MiR-26b-5p and miR-140-3p alleviate the pro-hypertrophy effect of circRNA_000203 on NMVCs. (A) Morphologies of Ang-II-treated
NMVCs after transfection with miR-26b-5p, miR-140-3p, and Gata4 siRNA as revealed by FITC-phalloidin staining assay, respectively. ANP, b-MHC and
GATA4 protein expression in NMVCs was assessed by western blot assay (B, D). Data are shown as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001
(ANOVA with post hoc tests, as indicated). N = 5. (C) Morphologies of circRNA_000203-modified NMVCs after transfection with miR-26b-5p, miR-140-
3p, and Gata4 siRNA as revealed by FITC-phalloidin staining assay, respectively. The scale bar is 50lm. Data are shown as mean ± SEM, *P < 0.05,
**P < 0.01 (ANOVA with post hoc tests, as indicated). N = 5.
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.
prevent Ang-II-induced circRNA_000203 and Myo9a mRNA expression
in NMVCs (Supplementary material online, Figure S8C). In addition,
knockdown of NF-jB p65 could also efficiently inhibit circRNA_000203
and Myo9a mRNA expression in Ang-II-treated NMVCs
(Supplementary material online, Figure S8D). Collectively, our results sug-
gested that up-regulation of circRNA_000203 in Ang-II-induced cardio-
myocytes resulted from activation of the NF-jB signal.

4. Discussion

In this study, we found that circRNA_000203 and its host gene of Myo9a
were markedly up-regulated in the myocardium of Ang-II-infused both
male and female mice, suggesting that expression of circRNA_000203
may not affected by sex differences. Obvious increases of
circRNA_000203 (homologue of human hsa-circ_0036167) and Myo9a
mRNA were also observed in the myocardium of HF patients, as well as
in Ang-II-treated mouse cardiomyocytes. The level of circRNA_000203
was correlated with markers of cardiac hypertrophy in vivo and in vitro.
To investigate the role of circRNA_000203 in cardiac hypertrophy, we
firstly detected the phenotypes of NMVCs with adenovirus-mediated
overexpression of circRNA_000203. We found that overexpression of
circRNA_000203 induced obvious cellular hypertrophy in NMVCs.
Then we adopted a mouse model of Ang-II infusion-induced cardiac hy-
pertrophy. We found that cardiac hypertrophy was markedly aggravated
in Ang-II infusion Tg-circ203 mice with myocardium-specific overexpres-
sion of circRNA_000203. We demonstrated that circRNA_000203
sponged miR-26b-5p, -140-3p, abolished the suppression of Gata4 by
miR-26b-5p, -140-3p, resulting in the increase of GATA4 in NMVCs.
Since GATA4 is a TF, it plays an important role in cardiac hypertrophy.25

The present study revealed that up-regulation of GATA4 by
circRNA_000203 contributes to the pro-hypertrophy effect of
circRNA_000203 in vivo and in vitro.

CircRNAs can be produced through back splicing of a precursor
mRNA (pre-mRNA), and the spliceosome has been demonstrated in-
volved in the exon circularization process.26,27 CircRNA_000203 con-
tains the exon sequence from exon 7 to 15 of Myo9a gene, and
circRNA_000203 was shown mainly localized in cytoplasma of NMVCs
in this study. Consistently, the in vitro and in vivo experimental data indi-
cated that circRNA_000203, but not Myo9a, could specifically enhance
cardiac hypertrophy. To reveal the mechanism underlying the pro-
hypertrophy effect of circRNA_000203 on NMVCs, we proposed that
circRNA_000203 may sponge specific miRNAs to aggravate cardiac hy-
pertrophy. Bioinformatic analysis indicated that there are potential bind-
ing sites of miR-26b-5p, -140-3p in circRNA_000203, meanwhile, the
negative correlation between the expression of circRNA_000203 and
miR-26b-5p, -140-3p was observed in the myocardium of Ang-II-infused
mice and in Ang-II-induced NMVCs, as well as in NMVCs with enforced
expression of circRNA_000203. Moreover, the results of dual-luciferase
reporter assay, RNA pull-down and RT–qPCR assay confirmed the spe-
cific interactions between circRNA_000203 and miR-26b-5p, -140-3p in
NMVCs. Our data are partially consistent with previous report that
circRNA_000203 sponged miR-26b-5p in mouse cardiac fibroblasts.18

Functionally, miR-26b-5p, -140-3p could inhibit the increases of cell size
and the expression of ANP and b-MHC in Ang-II-treated NMVCs, and
eliminate the pro-hypertrophy effect of circRNA_000203 on NMVCs.

Our current study has provided several lines of evidence to support
the notion that miR-26b-5p, -140-3p inhibit cardiac hypertrophy through
targeting Gata4. First, the in silico prediction indicated that Gata4 was a

potential common target of miR-26b-5p, -140-3p, and the dual-luciferase
assay revealed that miR-26b-5p, -140-3p specifically bound to the 30-
UTRs of Gata4 at different sites. In addition, miR-26b-5p, -140-3p mimic
inhibited Gata4 expression at the transcriptional level in NMVCs.
Importantly, our data validated that circRNA_000203 specifically elimi-
nates the interactions of miR-26b-5p, -140-3p with the 30-UTRs of
Gata4, and transcriptionally enhances Gata4 expression in NMVCs and
in the myocardium of Ang-II-infused mice with overexpression of
circRNA_000203. MiR-26b-5p, -140-3p could alleviate the increases of
ANP and b-MHC in NMVCs with overexpression of Gata4. In parallel to
miR-26b-5p, -140-3p, Gata4 siRNA decreased the cell size of cardio-
myocytes and inhibited the expressions of ANP and b-MHC in Ang-II-
induced NMVCs and in NMVCs with enforced expression of
circRNA_000203. The present conclusion has been partially supported
by previous studies showing that Gata4 could be regulated by miR-26a, -
26b during cardiac hypertrophy.28,29

The mechanism leading to the increased circRNA_000203 expression
is currently unknown. In consistence with its parental gene of Myo9a,
circRNA_000203 was observed up-regulated in cardiac hypertrophy
in vivo and in vitro. Previous reports suggested a role for the NF-jB signal-
ling in cardiac hypertrophy.30–32 Our present data have confirmed that
NF-jB p65 was activated in Ang-II-treated NMVCs, and one potential
NF-jB p65 recognition element participated in Ang-II-induced Myo9a
mRNA transcription in NMVCs. We used NF-jB p65 inhibitor JSH23
and QNZ, p65 NF-kB siRNA to further verify the role of the NF-jB p65
signalling in Ang-II-promoted up-regulation of circRNA_000203 and
Myo9a in NMVCs. Collectively, our results suggest that up-regulation of
circRNA_000203 in cardiac hypertrophy results from activation of the
NF-jB signalling pathway.

In summary, our study demonstrated that circRNA_000203 was up-
regulated in cardiac hypertrophy, enhancing the cardiac hypertrophic
growth in vivo and in vitro. CircRNA_000203 could sponge miR-26b-5p,
-140-3p to increase GATA4 expression, contributing to enhancing the
cardiac hypertrophy. We also conclude that activation of the NF-jB sig-
nalling pathway participates in the up-regulation of circRNA_000203 in
cardiac hypertrophy (Supplementary material online, Figure S9).

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Corrigendum to: Loss of life expectancy from air pollution compared to other risk factors: a worldwide perspective [Cardiovasc Res 2020; doi:10.1093/
cvr/cvaa025]

This manuscript has been amended to update several figures in Table 1. In the originally published version of this article there was an error in Table 1. This
has now been corrected. This correction does not change the scientific outcomes of the article.
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